The interaction mechanism between olaparib (OLA) and human serum albumin (HSA) has been investigated using experimental and computational techniques. An NMR relaxation approach based on the analysis of proton selective and non-selective spin-lattice relaxation rates at different temperatures can provide quantitative information about the affinity index and the thermodynamic equilibrium constant of the OLA-HSA system. The affinity index and the thermodynamic equilibrium constant decreased as temperature increased, indicating that the interactions between OLA and HSA could be weakened as temperature increased. Molecular docking and dynamics simulations revealed that OLA stably bound to subdomain II (site 1), and OLA could induce the conformational and micro-environmental changes in HSA. CD results suggested that a-helix content decreased after OLA was added, demonstrating that OLA affected the secondary structure of HSA.
Introduction
The interaction mechanism between drugs and biological macromolecules, especially drug-serum albumin related to human life and health, has been explored. [1] [2] [3] [4] Among serum albumins, human serum albumin (HSA) has been intensively investigated because of its high concentration in human blood plasma. 5, 6 The spatial structure of HSA consists of three homologous a-helical domains (domains I, II, and III), and each domain can be further divided into two subdomains (A and B) as illustrated by X-ray crystallography. 5, 7 The primary drugbinding regions on HSA are Sudlow's site I and site II, which are located in the hydrophobic cavities of subdomains II-A and III-A, respectively.
8,9
Olaparib (OLA), a potent oral poly(ADP-ribose) polymerase (PARP) enzyme inhibitor, which plays essential roles in controlling DNA repair and eventually killing cancer cells, can be used as a targeted therapy for certain types of cancer, such as breast and ovarian cancer, in people with hereditary BRCA mutations. [10] [11] [12] Ovarian cancer is the seventh-most common malignant tumor among gynecologic systems. 13 To treat BRCAmutated ovarian cancer and to overcome frequent recurrence and chemotherapeutic resistance of ovarian cancer, medical scholars prefer OLA as a PARP inhibitor because it has achieved satisfactory therapeutic outcomes. [14] [15] [16] However, the binding of OLA with HSA during drug transport through blood circulation has yet to be fully elucidated. Consequently, the interaction mechanism between OLA and HSA should be comprehensively understood to elucidate the pharmacokinetic and pharmacodynamic behaviors of OLA.
Various characterization methods, including isothermal titration calorimetry, equilibrium dialysis, capillary electrophoresis, ultraltration, circular dichroism spectroscopy (CD), uorescence spectroscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, and nuclear magnetic resonance (NMR), have been utilized to reveal the interaction mechanism between drugs and proteins. [17] [18] [19] [20] [21] [22] [23] Among these reasonable and reliable methods, NMR is an efficient technique to probe ligand-receptor interactions at the molecular level. [1] [2] [3] 24 Hence, the applications of some advanced NMR approaches, such as saturation transfer difference and proton spin-lattice selective relaxation rates, provide in-depth atomistic insights into structural affinity and site-selective interactions between drugs and proteins. In particular, the spin-lattice relaxation rates of the ligand active proton nuclei are highly sensitive to describe the structural transformations of the ligand-macromolecules complex, because the motional behaviors will be affected when the fast moving small drug molecules interact with the slowly moving macromolecules.
In the present study, the proton selective and nonselective spin-lattice relaxation rates measured via NMR were utilized to quantitatively analyze the affinity index ([A N l ] T L ) and the thermodynamic equilibrium constant (K) of an OLA-HSA system. Fluorescence methods, CD spectroscopy and time-resolved uorescence spectroscopy were performed to evaluate the NMR data and conformational changes induced by OLA.
Molecular docking and dynamics simulation were applied to visualize the dynamic binding of the OLA-HSA system.
Experiments and methods

NMR experiments
All NMR measurements were performed using a Bruker Avance II 600 MHz (14.1 T) spectrometer operating at 600. 13 MHz for protons at 298, 304, and 310 K, respectively. An inversion recovery pulse sequence was used to measure the spin-lattice relaxation rates, and a 180 pulse of a Gaussian shape with a pulse duration of 30 ms was set for the selective experiments. pulse in spin-relaxation measurements were found to be single exponential, and the maximum error was less than 5%. NMR data processing and analysis were performed using Topspin 3.5 (Bruker Corporation).
Time-resolved uorescence spectra
Time-resolved uorescence spectra at room temperature in a singlet state were obtained using a time-correlated singlephoton counting technique with a Horiba Jobin Yvon FluoroLog-TCSPC spectrouorometer (Horiba, Les Ulis, France). HSA (2 mM) in the absence and presence of OLA (4 or 8 mM) was investigated at excitation and emission wavelengths of 280 and 345 nm, respectively.
CD spectra
CD spectra were obtained with an automatic recording spectrophotometer (Model 400, AVIV, USA) equipped with a Peltier temperature control unit in a cell with a path length of 10 mm at room temperature. The spectra of 2 mM HSA in the presence of 0, 4, and 8 mM OLA were obtained in the scan range of 190 nm to 250 nm with a step size of 1 nm, a band width of 1 nm, and a response time of 0.5 s. The mean residue ellipticity (MRE, deg cm 2 d mol
À1
) was used to express the CD results in accordance with the following equation:
where C P is the HSA concentration, n is the number of amino acid residues of HSA, and l represents the path length (0.1 dm).
Molecular docking
All molecular docking studies of ligand-proteins in a simulated physiological environment were performed using YASARA v16.7.22 (ref. 26 and 27) and AutoDock VINA at pH 7.4 and 298 K. The 3D structure of OLA was obtained from PubChem (PubChem CID: 23725625), and the available crystal structure of HSA was downloaded from the RCSB protein data bank (PDB ID: 1H9Z). 28 Before molecular docking was carried out, the 3D structure of OLA was energetically optimized using ChemBioOffice, and all the water molecules were removed from the free HSA. During docking, all the binding sites in HSA were recognized by setting the grid box covering the whole protein. Docking with 25 independent runs was conducted to determine the optimum binding conformations. The conformation with the highest binding energy was used for further analysis.
Molecular dynamics simulations
Molecular dynamics simulations were performed using YASARA v16.7.22 with an AMBER14 (ref. 29) molecular dynamics force eld at pH 7.4 and 298 K in the simulated physiological environment. Subsequently, the simulation grid box was designed with a 90Å Â 90Å Â 90Å spatial volume, and the optimum binding conformation of OLA-HSA during docking was located at the grid center. Periodic boundary conditions were applied to the above system. Multiple integration steps were employed during simulation (1.25 fs and 2.5 fs for intramolecular and intermolecular forces, respectively), and data were collected every 10 ps for a molecular orbital le. The relevant parameters of the molecular orbital le were investigated through molecular dynamics, and the simulation results of the OLA-HSA system and the free HSA were comparatively analyzed.
Theoretical methods for NMR
The nonselective R NS l and selective R SE l proton spin-lattice relaxation rates are dened by the following equations:
where, ħ, g H , and u H , are Planck's constant, proton magnetogyric ratio, and Larmor frequency, respectively; r ij is the internuclear distance; and s c is the molecular rotational correlation time, which dominates the i À j dipolar interactions. On the basis of eqn (2) and (3), we easily deduce that R can be affected by drastic changes in molecular dynamics. Consequently, R SE l has been widely used to investigate ligand-macromolecule interactions. With the fast chemical exchange between free and bound states, R SE l of a ligand can be described by the following equation:
where R SE lobs is the experimentally observed selective relaxation rate. R Considering the ligand-receptor system at equilibrium, we derive:
, we obtain the following equation: 
which was dened as the "affinity index" (mol À1 L s À1 
Similarly, a straight line passing through the origin of the axes can be obtained by plotting DR 
which is constant at the specied temperature and ligand concentration. In order to calculate the K and DR SE lb , eqn (8) can be rewritten as follows:
Plotting 1/DR SE lN with the ligand concentration [L], we can obtain a straight line with the slope (S) and the intercept (I):
Finally, K can be obtained using eqn (12) and (13).
Results and discussions
3.1 NMR data of the OLA-HSA system 3.1.1 1 H analysis of OLA in the presence of HSA. NMR spectroscopy has been widely used to explore the mode of the interaction between small molecules and proteins. Fig. 1 illustrates the proton NMR spectrum of OLA and the resonance assignments. To comprehensively analyze the interaction between OLA and HSA, we selected the well-resolved proton peaks H8 and H16 in the aromatic region and the aliphatic T L of all the protons decreased as the temperature increased because of the attenuation of the ligand-receptor interaction caused by the enhanced OLA molecular mobility. The drastic decrement of the affinity index revealed that H8 proton was also in close contact with the HSA binding pocket, whereas the H26 proton was far from the protein binding site because of the negligible effect of the enhancement of OLA molecular mobility when temperature increased. 
mol
À1 L at 310 K. Therefore, the OLA-HSA system was more stable at 298 K than at the two other temperature settings, and this observation was consistent with the decrease in the affinity index of H8 proton with HSA as temperature increased.
Lifetime measurements
Fluorescence lifetime measurement is an efficient method to explore information about the conformational heterogeneity of proteins. Fig. 3(A) shows that the addition of OLA signicantly inuenced the uorescence lifetime the tryptophan (Trp) of HSA, and the degree of inuence was positively correlated with the OLA concentration. The specic average uorescence lifetime was determined via tail-tting method:
hsi of Trp of free HSA was 5.147 ns, and this parameter decreased to 4.199 and 3.604 ns in the presence of 4 and 8 mM OLA, respectively ( Table 4 ). The average lifetime of HSA shortened aer OLA was added. The observed decreases in the average lifetime of the Trp of HSA as the concentration of OLA was increased were further conrmed the binding of OLA to HSA, and the binding results in the more hydrophobic environment of Trp residue of HSA. The changes in s suggested that the interaction between OLA and HSA could have induced small conformational changes in the local structure of HSA. Thus, providing further evidence for conrming the conformational change was necessary.
CD spectra
The effects of OLA on the secondary and tertiary structures of HSA were further analyzed using CD spectra. In Fig. 3(B) , two negative peaks, which are attributed to the a-helix structures in protein, 38 appeared at 209 and 220 nm in the spectra of HSA and OLA-HSA. The overall trend of the curve before and aer the addition of OLA did not change, indicating that the a-helix remained dominant. The a-helix content can be calculated using the following equation: 
where 4,000 and 33,000 are the MRE values of the b-form with random coil conformation and the pure a-helix conformation at 209 nm, respectively. The a-helix content of free HSA was 56.43%. Aer HSA interacted with OLA, the a-helix content decreased to 55.51% (molar ratio: 1 : 2) and 54.67% (molar ratio: 1 : 4). These slight changes in the a-helix structure of HSA were caused by OLA, indicating that OLA affected the conformation of HSA, which was agreement with the results of timeresolved uorescence studies.
Molecular docking
Molecular docking was performed with YASARA to provide detailed information about the interactions between OLA and HSA (Fig. 4) , to corroborate the experimental results, and to further gain insights into the interactions between drug molecules and biomacromolecules. Seventeen multimember conformational clusters were obtained from 25 docking runs. The OLA molecule might preferentially bind to the hydrophobic cavity of subdomain IIA of HSA (site 1), and the optimal binding conformation had the highest binding energy of 39.56 kJ mol À1 (Fig. 4) existed between OLA and HIS-288. These results indicated that H-bonds and hydrophobic interactions played a major role in stabilizing the OLA-HSA system.
Molecular dynamics simulations
Molecular dynamics simulations were performed on the optimum binding conformation of the OLA-HSA system during docking. Root mean square deviation (RMSD) could be used to evaluate the stability of the OLA-HSA system. The variation in the RMSD of Ca atoms in the OLA-HSA system versus the simulation time of 100 ns is illustrated in Fig. 5(A) . The RMSD slightly changed during the entire molecular dynamics simulation and became steady in 60-100 ns, suggesting that the OLA molecule steadily bound to subdomain IIA of HSA (site 1) and formed a stable OLA-HSA system. The binding conformation of the OLA-HSA system obtained through molecular dynamics simulation at 100 ns was investigated (Fig. 6) . In Fig. 6 , the OLA molecule maintained a hydrophobic interaction with HSA and bound to its site 1. OLA in the binding site was surrounded by the residues LYS-195, GLN-196, PHE-211, TRP-241, ALA-261, and ILE-264. Moreover, a hydrogen bond with a bond energy of 22.88 kJ mol À1 existed between OLA and ARG-218. The binding conformations before and aer molecular dynamics simulations were compared, and the results revealed that H-bonds were formed between OLA and ARG-218 rather than between OLA and HIS-288 because of the changes in the position of OLA in subdomain IIA of HSA (site 1). The H-bond energy and hydrophobic interaction forces increased aer the molecular dynamics simulations, implying that the stability of the OLA-HSA system increased. Binding energy can be used to evaluate the binding ability of the ligand-receptor system. In Fig. 5(B) , the result of trajectory analysis showed that the changes in binding energy were not signicant during the entire molecular dynamics simulations (À65 kJ mol À1 ), which could be interpreted by the insensitivity of the system, because the OLA molecule rmly bound to the hydrophobic cavity of subdomain IIA of HSA (site 1).
The radius of gyration (R g ) can be employed to evaluate the compact degree of protein macromolecules during molecular dynamics simulations. A small R g indicates that proteins are highly compact. Fig. 5(C) illustrates R g of the OLA-HSA system and the free HSA versus the simulation time. R g slightly changed during the entire molecular dynamics simulation and tended to be steady at 60 ns, which agreed with the results of the RMSD. Beyond equilibrium, R g of the OLA-HSA system was approximately 28Å, which was higher than that of the free HSA, indicating that the binding of OLA to HSA inuenced the secondary and tertiary structures of the proteins; consequently, the structure of HSA loosened.
The root mean square uctuation (RMSF) can be used to evaluate the degree of uctuations in protein residues compared with their average positions. The variations in RMSF of the Ca atoms in the OLA-HSA system and the free HSA versus simulation time are illustrated in Fig. 5(D) . The uctuations in RMSF of the OLA-HSA system and the free HSA were almost similar during the entire molecular dynamics simulation, indicating that no signicant changes in the position of the protein residues occurred. The RMSFs of the OLA-HSA system were slightly higher than those of the free HSA, suggesting that the binding between OLA and HSA affected the environment around the protein residues and inuenced their conformations.
Conclusions
In this study, interactions between OLA and HSA in a simulated physiological environment were investigated using various spectroscopic techniques and theoretical simulations. 
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